The quality of a part produced by laser beam melting strongly depends on the melting process in particular on the melt pool shape stability. The geometry of the generated part influences the ability of the local heat dissipation and therefore affects the constancy of the melt pool shape. The presented study is focused on the numerical analysis of the temperature distribution in the vicinity of the melt pool during laser beam melting process depending on the local geometry of the part. After the discussion of the numerical and experimental setups a prediction of the improved process parameters towards stable melting process are introduced. The developed numerical analysis shows a great efficiency for the optimisation of the thermal management during laser beam melting.
Introduction and Motivation
The application of additive layer manufacturing such as laser beam melting enables short production times combined with a high geometric complexity of the produced components, a significant shortening of the product development phase and a cost effective implementation of mass customization. Despite the number of economic and technological advantages, this technology has still some shortcomings with regard to the process stability, machining accuracy and surface quality. The quality of the generated part strongly depends on the stability of the melting process Yadroitsev et. al. (2009) . One of the major factors which affect the stability of the melting process is the applied energy density. Insufficient energy density due to low laser power and/or high scanning speed leads to generating of not sufficient volumes of the melt pool and in turn to incomplete melting of the powder and to occurring of the porosity and delamination Buchbinder et. al. (2011) . This results in generally poor mechanical component properties Kellner (2012) . Too high energy densities lead to a excrescent melt pool formation and to a partial evaporation of the material, formation of splashes and subsequent degradation of the surface quality Meiners (1999 ), Mumtaz et. al. (2010 . Since the local geometry in the vicinity of the melt pool determines the ability of the local heat dissipation it can also influence the shape of the melt pool. Therefore the proper thermal management in particular the process parameters such as laser power and laser velocity should be properly chosen depending not only on the material but also on the geometry of the generated part. The developing and optimisation of the thermal management of the laser beam melting process can be performed either by time and cost intensive trial-and-error parameter studies Kaddar (2010) , Eisen (2010) , Rombouts (2006) , Yadroitsev (2009 ), Smurov et.al. (2010 or by usage of the numerical simulation.
A number of scientifical investigations were devoted to the numerical analysis of the thermal processes during laser beam melting. Numerical analyses of the energy absorption by the powder material were presented in the works of Wang et. al. (2000) , Zäh et. al. (2007) and Kruth et. al. (2003) . The further extension to analyses of the mechanical properties of the generated part was introduced in the works of Kruth et. al. (2007) , and Simchi (2006) . The numerical analysis of Gusarov et. al. (2007) showed that the mechanisms of heat transfer in contrast to the flow effects are to be regarded as dominant for the temperature distribution in the fusion zone and thus in view of the stability of the powder consolidation. Kolossov et. al. (2004) and Roberts et. al. (2009) introduced numerical analyses of the temperature distribution during laser beam melting process using FEM-simulations.
The present study focuses on the numerical analysis of the temperature distribution in the vicinity of the melt pool during laser beam melting process depending on the local geometry of the generated part. An application of this approach to the optimisation of the laser beam melting technique towards a stable formation of the melt pool during the entire generating process is shown after the description of the theoretical background and the experimental procedure.
Modelling of the thermal processes by laser beam melting
The major thermal processes during laser beam melting, such as local heating of the single powder particles, the melting process and the solidification of the melt, are primarily determined by heat transport phenomena Gusarov et. al. (2007 ), Yadroitsev (2009 . These occur in form of heat conduction within the material on the one hand and on the other hand in form of radiation and convection on the working surface. The so-called macroscopic approach for the numerical analysis of the thermal processes is used in this work. In this approach the powder material is not solved into single particles, but is described as a continuum via a suitable macroscopic material behaviour Niebling (2005) . The temperature distribution during the laser beam melting can be defined using the heat flow equation Baehr et al. (2010) : (1) where -Heat input from the laser beam, in this work the Goldak heat source Goldak et. al. (2005) is used for the definition of the heat input during laser beam melting, -heat conduction, -specific heat capacity, -density with following initial and boundary conditions:
initial temperature of the base plate and of the new powder layer: ; Heat flow due to Convection from the powder surface is defined by following equation Baehr et al. (2010) : (2) where -heat transfer coefficient, -temperature on the surface, -ambient temperature; Heat flow due to Radiation is defined by following equation Baehr et al. (2010) : (3) where -Stefan-Boltzman constancy, -emissivity. Temperature dependent material properties of the 316L-Steel bulk and powder materials are shown in Fig. 1 . Material properties of the bulk material were calculated using software JMatPro. Material properties of the powder material were taken from Gusarov et. al. (2007) . The transformation from the powder to the bulk material occurs between temperatures of solidus and liquidus. The density of both materials is set to 7,4 g/cm 3 . 
Numerical realisation
The numerical procedure for the calculation of the temperature distribution by laser beam melting is realised in software MSC.Marc using 2D finite element model which represents the cross section of the powder layer on the base plate, Fig. 2 (a) . Two different sets of material properties are used to reproduce the powder and bulk material. The transformation from the powder to bulk material occurs by the heating of the element over the temperature of solidus. The covering of the next powder layer occurs by activation of the appropriated elements. The moving through the cross section heat source is illustrated in Fig. 2 (b) .
Reconstruction of the heat source and validation of the numerical model
The small cubic samples (10x10x10 mm) were built for the reconstruction of parameters of the Goldak heat source, Fig. 3 (a) . LaserCUSING®-machine M2 by Concept Laser GmbH was used for the generation of samples. The scan rate was set to 800 mm/s and the laser power to 200 W. The linear scan strategy with an interval of 105 μm between hatches was used. The layer thickness was set to 30 μm. The typical melt pool shape in the core region is shown in Fig. 3 (b) . Median values of the weld pool width and weld pool depth are summarised in the Table 1 . (a)
The numerically calculated melt pool after the reconstruction of the parameters of the Goldak heat source is shown in Fig. 4 . The same cubic samples (10x10x10 mm, Fig. 3 (a)) were built with modified scan velocity and laser power for the validation of the numerical model. The scan velocity was varied from 600 to 1000 mm/s and the laser powerfrom 100 to 300 W. By the calculation of the melt pool dimensions only the scan velocity and laser power were changed in the numerical analysis. The comparison of the numerically obtained and experimental measured melt pool dimensions shows a very good agreement, Fig. 5 . 
Numerical analysis of the topology influence on the geometry of the melt pool
Different sample geometries were numerically analysed for the identification of the influence of the topology on the melt pool shape, Fig. 6 . The variation of the angle of elevation is used to influence the local heat dissipation in the sample. Fig. 8 shows the calculated relative dimensions of the melt pool in dependence on the hatch number and layer number. The dimensions in the sample core were taken as reference dimensions. It can be seen that the dimensions of the melt pool increases in the vicinity of the border regions. It is also noticed that the increasing of the melt pool dimensions gets saturated after the first non-stationary layers in vicinity of the cold base plate.
In summary the numerical analysis shows that the effect of increasing melt pool dimensions can be explained by two mechanisms, namely the local preheating of the material due to insufficient cooling between hatches or layers and the ability of the local heat dissipation due to geometry variation in the vicinity of the fusion zone. The ability of the local heat dissipation decreases with an increasing amount of powder in the vicinity of the fusion zone what can be observed near the borders of the chosen samples. 
Experimental analysis of the topology influence
Same samples were generated using LaserCUSING®-machine M2 by Concept Laser GmbH, Fig. 9 . The scan rate was set to 800 mm/s and the laser power to 200 W. The linear scan strategy with an interval of 105 μm between hatches was used. The layer thickness was set to 30 μm. Experimental results show that the sample with vertical border ( = 90°) has a much more uniform surface, what can be explained by a more stable melting process compared with samples with = 60° and = 40°. The decrease of the elevation angle leads to an increasing width of the melt pool in the regions near the border. The increasing and fluctuation of the melt pool dimensions in the border region and insufficient contact with the lower layer leads to increasing of the powder particle bonding and therefore to decreasing of the dimension's accuracy and occurrence of the "balling" Meiners (2009) . It was also observed a so-called "elevated edge"-effect due to strong increasing of the melt pool sizes in the samples Yasa (2009) . These can lead to process failure due to collision with the coater during the powder application or to strong degradation of the properties of the part.
Computer aided optimisation of the melting process
The numerical optimisation of the process parameters in dependence on the sample geometry was performed in order to keep the dimensions of the melt pool constant during the whole laser melting process. The correction was performed by raising the velocity of the heat source. Fig. 10 shows the correction coefficient depending on the sample geometry and layer number. It is seen that the variation of the correction coefficient should be used for the first "non-stationary" layers and can be kept constant for the rest of the layers. It is also shown that the correction coefficient increases with the decrease of the elevation angle. 
Conclusions
A simulation model for the effective prediction of the melt pool geometry has been developed and calibrated with experimentally obtained results. The developed model can be used for the analysis and optimisation of the thermal management by laser beam melting process since the validation of the model shows a very good agreement with experimental data. The numerical analysis of the temperature distribution in vicinity of the fusion zone shows that the effect of increasing melt pool dimensions can be explained by two mechanisms, namely the local preheating of the material due to insufficient cooling between hatches or layers and the ability of the local heat dissipation due to geometry variation in the vicinity of the fusion zone. The ability of the local heat dissipation decreases with an increasing amount of powder in the vicinity of the fusion zone what can be observed near the borders of the chosen samples. Experimentally obtained results show, analogue to the numerical analysis, that the local increasing of the powder amount in the vicinity of the fusing zone by decrease of the elevation angle in the sample leads to the increasing width of the melt pool near the border. The further numerical analysis shows that the increasing of the melting speed can be effectively used for the decreasing of the melt pool width and therefore to stabilising of the melting process and to increasing of accuracy of the sample dimensions. Further work is currently carried out on proving the numerically obtained results by the experiment.
